Abstract. The ETS-related gene (ERG) has been demonstrated to be associated with overall survival in cytogenetically normal acute myeloid leukemia and acute T cell-lymphoblastic leukemia (T-ALL) in adult patients. However, there are no data available regarding the impact of ERG expression on childhood ALL. In the present study, ERG expression levels were analyzed in bone marrow samples from 119 ALL pediatric patients. ALL patients demonstrated higher ERG expression compared with the controls (P<0.0001). In addition, low ERG expression identified a group of patients with higher white blood cell counts (P=0.011), higher percentages of T-ALL immunophenotype (P=0.027), and higher relapse rates (P=0.009). Survival analyses demonstrated that low ERG expression was associated with inferior relapse-free survival (RFS) in childhood ALL (P=0.036) and was an independent prognostic factor in multivariable analyses for RFS. In conclusion, low ERG expression is associated with poor outcomes and may be used to serve as a molecular prognostic marker to identify patients with a high risk of relapse in childhood ALL.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common malignancy in the pediatric population. Over the past decades, with the progress in risk classification schemes and frontline protocol design, the overall survival (OS) in childhood ALL has exceeded 80% with contemporary treatment regimens (1) . However, 15-20% of children with ALL have disease relapse (2) . ALL is a heterogeneous disease at the cytogenetic and genetic levels, numerous acquired genetic abnormalities have been described in patients with ALL, including chromosomal translocations, aneuploidy, deletions, and amplifications (3) . Certain genetic abnormalities, such as breakpoint cluster region/Abelson murine leukemia viral oncogene homolog 1 (BCR/ABL1) and ETS variant 6-Runt-related transcription factor 1, are well-established prognostic factors (4) . However, the identification and understanding of novel genetic abnormalities remains important, in order to optimize and refine the risk-stratification strategy and individualized therapy, particularly for the high-risk and relapsed patients.
ETS transcription factors are key in cell development, differentiation, proliferation, apoptosis and tissue remodeling (5) . As a member of the ETS family, the ETS-related gene (ERG) is preferentially and strongly expressed in the immature B-and T-lymphoid lineages, in addition to myeloid lineage cells (6) . ERG has been demonstrated to act as a proto-oncogene that can transform NIH3T3 cells and give rise to tumors in nude mice (7) . ERG gene rearrangements have been identified in Ewing sarcoma and prostate cancer (8, 9) . Previous studies suggest that ERG overexpression is associated with inferior clinical outcome (10, 11) and is an independent prognostic factor in cytogenetically normal acute myeloid leukemia (AML) (12) (13) (14) . Furthermore, in acute T cell-lymphoblastic leukemia (T-ALL) patients, a high level of ERG expression has been associated with poor relapse-free survival (RFS) (15, 16) . In childhood AML, the impact of ERG expression level is somewhat controversial: Pigazzi et al (17) suggested that high ERG expression was an independent unfavorable prognostic marker for childhood myeloid leukemia, whereas the study by Hermkens et al did not find such correlation (18) .
However, to the best of our knowledge, no studies have yet investigated the prognostic correlation of ERG expression in childhood ALL. The present study analyzed ERG mRNA expression levels in 119 childhood patients with newly diagnosed ALL, and aimed to validate their prognostic significance in pediatric ALL patients.
Materials and methods

Patients and treatment.
The expression levels of ERG in 119 bone marrow (BM) samples from patients with newly diagnosed ALL (median age, 6 years; range, 1-14 years; 76 males and 43 females) were retrospectively analyzed between January 2007 and December 2010 at the Children's Hospital of Zhejiang University School of Medicine (Hangzhou, China). The diagnostic criteria of ALL was based on morphology, immunology, and cytogenetics, as described previously (19) . Overall, there were 91 B cell-ALL (B-ALL) patients and 28 T-ALL patients. Furthermore, 36 BM samples from children (median age, 6 years; range, 1-14 years; 23 males and 13 females) without history of malignancies were selected and served as controls. Written informed consent was obtained from the parents or guardians. All treatments were administered in accordance with the Declaration of Helsinki and approved by the ethics review board of the Children's Hospital of Zhejiang University.
Patients received treatment with the modified National Protocol of Childhood ALL in China 1997 at the hospital, which has been described in our previous study (20) . Based on the modified National Cancer Institute criteria, patients were classified as low-risk (LR) group, intermediate risk (IR) group or high-risk (HR) group (20) . Patients with one of the following features were considered as IR: i) Age, >10 years old; ii) initial white blood cell (WBC) counts >50x10 9 /l but <100x10 9 /l; iii) central nervous system leukemia and/or testicular leukemia at diagnosis; iv) T lineage ALL; v) hypodiploidy (<45 chromosomes). Patients with aged <1 year old, or initial WBC counts ≥100x10 9 /l, or with t(9;22), t(4;11) or BCR/ABL1, MLL/AF4 (the fusion of the MLL gene on chromosome 11 and the AF4 gene on chromosome 4) fusion genes, or poor response to prednisone or not achieving complete remission (CR) on day 42 were considered HR. Otherwise, patients without any features as described above were assigned to the LR group.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Mononuclear cells from BM samples were isolated by Ficoll gradient centrifugation and cryopreserved in liquid nitrogen. Total RNA was extracted using High Pure RNA Isolation Kit (Roche Diagnostics GmbH, Mannheim, Germany) following the manufacturer's protocols. First-strand cDNA was synthesized from total RNA with reverse transcriptase and random primers, using the ReverTra Ace qPCR RT kit (Toyobo Co., Ltd., Osaka, Japan). Samples were selected based on the quality and quantity of RNA .[optical density (OD) 260 /OD 280 ratio, 1.8-2.0].
qPCR was performed with a 96-well optic plate on a StepOnePlus TM Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), with GAPDH as an endogenous control. Every sample was tested in triplicate. The comparative cycle threshold (CT) method was used to determine the relative expression levels of ERG to GAPDH, using the mean of ΔCT from three replicates and expressed as 2 µ(ΔCT) (ΔCT=GAPDH-ERG), as previously described (10) . Each reaction mixture consisted of 2 µl cDNA, 12.5 µl SYBR Green PCR Master mix (Toyobo Co., Ltd.), 1 µl of ERG primers (5 nmol/ml) or 1 µl of GAPDH primers (5 nmol/ml) and deionized water to a total volume of 25 µl. The primers of ERG and GAPDH were as described in previous studies (15, 21) , with the sequences as follows: 5'-CAC GAA CGA GCG CAG AGTTA-3' for ERG1; 5'-CTG CCG CAC ATG GTC TGTAC-3' for ERG2; 5'-ATG GGG AAG GTG AAG GTCG-3' for GAPDH1; 5'-GGG TCA TTG ATG GCA ACA ATATC-3' for GAPDH2. PCR amplification was performed under the following conditions: First reaction, 94˚C for 5 min, followed by 30 cycles at 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 1 min; second reaction, 94˚C for 5 min, followed by 35 cycles at 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 1 min, using Taq DNA Polymerase from Toyobo (Osaka, Japan).
In addition, the Ikaros 6 (IK6) variant of Ikaros family zinc finger protein 1 gene was detected by nested PCR using primers described in a previous study (22) . All PCR products were size-fractionated by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide using the Image Lab™ Software of Gel Doc XR (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Statistical analysis. The median value of all measurements was selected to define the low and high ERG expressing patients. Patients were classified as having high ERG if they had expression values above the median value of all patients and as low ERG if they had ERG expression values below the median value. Comparisons of baseline clinical variables across groups were conducted using the χ 2 test and the nonparametric Mann-Whitney U test for categorical and continuous variables, respectively. Student's t-test for independent samples was selected to perform mean comparisons between distinct groups.
Estimated probabilities of RFS and OS were calculated using the Kaplan-Meier method, and the log-rank test evaluated differences between survival distributions. RFS was determined from the date of achieving CR to relapse, any mortality or last contact. OS was measured from the date of first diagnosis until the date of mortality regardless of cause, censoring for patients alive at last follow-up. The last follow-up was September 2014. Multivariable proportional hazards models were constructed for RFS and OS, using a stepwise forward selection procedure. The following covariates were included in the full model: Age (≤1 year, ≥10 years vs. 1-10 years), WBC counts (≥50x10 9 /l vs. <50x10 9 /l); risk (high vs. low + intermediate); ERG expression (low vs. high), BM blasts (more than or equal to the median vs. less than median), and BCR/ABL1 (presence vs. absence).
All calculations were performed using the SPSS 17.0 software package (SPSS Inc., Chicago, IL, USA), and P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of ERG in childhood ALL patients and control
samples. ERG mRNA expression was retrospectively analyzed in pretreatment BM samples of 119 patients with newly diagnosed ALL and BM samples of 36 controls. ALL patients demonstrated higher ERG expression compared with controls (P<0.0001; Fig. 1 ).
ERG expression and correlation to clinical features and molecular features.
The clinical characteristics of 119 patients included in the present study are summarized in Table I . Overall, patients with low ERG expression exhibited higher pretreatment WBC counts (median, 32.2x10 9 /l vs. 17.95x10 9 /l; P=0.011), compared with the high ERG expression group. In addition, low expression of ERG was associated with higher percentage of T-ALL (P=0.027). However, there was no significant association between the ERG expression levels and the age, gender, platelet count, BM blasts, peripheral blood blasts extramedullary involvement, the risk group, Ik6 mutation, presence of BCR/ABL1 or MLL/AF4, and day 22 minimal residual disease.
In the subgroup analysis regarding the association between ERG expression values and molecular genetics, no significant difference was observed between patients with BCR/ABL1 compared with those patients without this fusion gene (P=0.273). Similarly, there was no significant difference in ERG expression levels between IK6 positive and negative groups (P=0.262).
Outcome and survival in childhood ALL patients with respect to ERG expression. Compared with high ERG expressing Table II ). However, no statistical significance was observed in CR rates between the low ERG group and high ERG group. The median follow-up time was 67.5 months with a range of 1-93 months. Following the exclusion of 9 patients who received hematopoietic stem cell transplantation and 2 patients whose exact survival data could not be obtained, the remaining 108 ALL patients were included for analyses of overall OS and 101 for RFS. RFS was significantly different between the two groups (P=0.036; Fig. 2A ), patients in high ERG group had an estimated 5-year relapse-free rate of 79% (95% CI, 68-89%; Table II ) compared with 58% (95% CI, 44-72%; Table II) in the low ERG group. Furthermore, the estimated 5-year survival rate was 71% (95% CI, 58-83%; Table II) in the low ERG group compared with 78% (95% CI, 67-89%; Table II) in the high ERG group, however, no statistical difference was observed for differences in OS between the two groups (P=0.62; Fig. 2B ).
Considering the difference of therapy in LR, IR and HR patients, survival analyses for OS and RFS based on ERG expression were also conducted in the LR, IR and HR subgroups respectively. However, the results did not indicate any survival difference between the high ERG group and the low ERG group (data not shown) in any subgroup. Kaplan-Meier analysis demonstrated that estimated 5-year RFS rate for low ERG expressers was 58%, whereas the estimated 5-year OS rate for high ERG expressers was 79%. (B) No significant difference in OS was observed between the high and low ERG groups (B) (P=0.62). ERG, ETS-related gene; RFS, relapse-free survival; OS, overall survival. Figure 1 . ERG expression levels in 119 pediatric ALL patients and 36 controls. An independent samples t-test was used for the comparisons of ERG expression levels between two groups, using the 2 µ(ΔCT) values as ERG quantitative expression levels. The line indicates the median value. ERG expression levels demonstrated a significant difference between childhood ALL patients and controls (P<0.0001). ERG, ETS-related gene; ALL, acute lymphoblastic leukemia. 
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Multivariate analysis for clinical outcome in childhood ALL. A multivariate analysis including ERG expression, age, WBC counts, risk, BM blast and BCR/ABL1 was also performed to determine the prognostic importance of ERG expression on RFS and OS. Subsequent to adjusting for the impact of other factors, ERG expression remained an independent prognostic factor for RFS (Table III) . In the Cox proportional hazards model, BM blast (more than or equal to the median vs. less than the median) and BCR/ABL1 (presence vs. absence) were independent prognostic factors for RFS (Table III) . In addition, WBC counts (≥50x10 9 /l vs. <50x10 9 /l) and BM blast (more than or equal to the median vs. less than the median), were independent prognostic factors for OS (Table III) . 
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ERG expression in childhood B-ALL patients. ERG expression levels were also analyzed in 91 B-ALL patients. Among all the clinical features described above, there was only a significant difference in WBC counts between the low ERG group and the high ERG group (median in the low ERG group, 23.6x10 9 /l vs. median in the high ERG group, 12.7x10 9 /l; P=0.037) (Table IV) . Subsequently, the relevance between ERG expression levels and outcomes in B-ALL patients was investigated. Patients with low ERG expression had higher relapse rate (32 vs. 13%; P=0.029; Table IV ). No significant difference was observed in CR rates (P=1.000) and prednisone response (P=0.155) between the two groups based on ERG expression. Furthermore, survival analyses suggested that patents with low ERG expression had inferior RFS (P=0.038; estimated 5-year relapse-free rate, 54 vs. 77%; Table IV and Fig. 3A) . However, no significant difference was observed in OS (P=0.628; estimated 5-year survival rate, 68% vs. 78%; Table IV and Fig. 3B ) was observed between patients with high ERG expression and those with low ERG expression. Results from multivariate analysis indicated that in childhood B-ALL patients, ERG was not an independent prognostic factor, for either OS, or for RFS. The independent prognostic factors for OS were age (≤1 year, ≥10 years vs. 1-10 years) and WBC counts (≥50x10 9 /l vs. <50x10 9 /l; Table V ). In addition, age (≤1 year, ≥10 years vs. 1-10 years), WBC counts (≥50x10 9 /l vs. <50x10 9 /l) and BCR/ABL1 (presence vs. absence) were independent prognostic factors for RFS (Table V) .
Discussion
Treatment improvement in ALL requires an optimal risk stratification of patients to guide subsequent risk-adapted treatment. Thus, molecular study of ALL has always been one of the most active areas of leukemia research. In the present study, the ERG expression levels in a cohort of 119 childhood ALL patients and its correlation to clinical features and outcome were investigated. The results of the current study support that ERG expression has an association with the outcome of childhood ALL patients.
Together with its >30 ETS family members, ERG acts as downstream nuclear targets of signal transduction pathways regulating and promoting cell differentiation, proliferation, and tissue invasion (5, 7, 23) . ERG rearrangements with EWS RNA binding protein 1 and FUS RNA binding protein have been respectively identified in Ewing sarcomas harboring t(21;22) (q22;q12) and in AML with t(16;21) (p11;q22) (8, 24) , and are likely to increase the oncogenic activity of the resulting chimeric transcription factors by redirecting them to specific targets (10) .
Furthermore, in hematopoietic tissues, ERG expression is restricted to progenitor cells (25) . High expression of ERG is significantly correlated with the immature subtypes of AML (10) . The present study compared BM samples from childhood ALL patients with those of controls, and ERG overexpression was observed in pediatric ALL patients with more immature leukemia cells in their bone marrow. The above results suggest that ERG may be associated with the outcomes of pediatric ALL patients.
BCR/ABL1 positivity is a particularly poor prognostic marker for ALL (26) (27) (28) . In addition, dominant-negative Ikaros isoform, notably Ik6, has been reported to be highly expressed in ALL, and correlated with clinical outcome (29) . The relevance between ERG expression and the presence of BCR/ABL1 or IK6 mutations in pediatric ALL required further elucidation. The present study analyzed ERG expression values in patients according to BCR/ABL1 and IK6 mutation status. The results demonstrated that there was no significant difference in ERG expression levels between patients with BCR/ABL1 or IK6 and those without these genetic abnormities.
The current study demonstrated that patients in the low ERG group demonstrated a significantly inferior outcome compared with the high ERG group. Low ERG expression identified a group of patients with higher WBC counts and higher percentages of T-ALL, which have been treated as clinically poor prognostic factors in childhood ALL. In addition, low ERG expression conferred an impact on relapse rate and a significant influence on RFS was suggested. In multivariate analysis, subsequent to adjusting for the impact of other factors, ERG remained an independent prognostic factor for RFS. Furthermore, in childhood B-ALL patients, low ERG Table V . Multivariate analyses for RFS and OS in pediatric B-ALL patients. expression was associated with higher WBC counts, higher relapse rate and poor RFS. The conclusions on how ERG expression levels affect patient outcome and survival between the pediatric group in the present study and other adult groups are inconsistent. As there is no previous study available regarding ERG expression on pediatric ALL, the possible explanations for this discrepancy are as follows: i) Compared with other studies focused on adult leukemia and childhood AML, the current study included patients from a childhood ALL population with marked differences in biology, etiology, treatment protocol and outcome in their diseases; and ii) ERG expression level has been reported to correlate with other genes, such as meningioma (disrupted in balanced translocation) 1 and brain and acute leukemia, cytoplasmic (14) , which may also influence the prognostic role of ERG (30), thus, there may be other genes cooperating with or acting against ERG that directly affect its influence on survival in childhood ALL patients; iii) in addition, the inconsistent conclusions may be a result of unadjusted study design confounder from different research centers, including different diseases, ethnic background, medical resources and treatment protocols.
To the best of our knowledge, this is the first study to focus on ERG expression in pediatric ALL patients. However, certain shortcomings remain, including that a relatively small sample size may not be enough to draw a definitive conclusion, and the retrospective nature of the present study may present a certain bias.
In conclusion, the present study suggests that ERG expression level may be useful as a prognostic factor for pediatric ALL stratification, however, further large-scale and well-designed prospective studies are required.
